Abstract To understand the physics of an ionospheric E-F valley, a new overlapping threeChapman-layer model is developed to interpret the sounding rocket measurement in the morning (sunrise) on May 7, 2011 at the Hainan low latitude ionospheric observation station (19.5 o N, 
Introduction
According to the Chapman-layer theory, there is a valley with a decreased electron density between the Eand F-layers in the ionospheric electron density profile (E-F valley) [1] . A sounding rocket provides a unique means to do in situ measurement of the valley. In the 1950s, Jackson reported that an E-F valley existed in the ionosphere by using sounding rocket measurements at White Sand (32.5 o N, 106.5 o W) [2] . In 1965, six sounding rockets were launched at Huancayo (12 o S, 78 o W) to observe the ionospheric E-F valleys at daytime or nighttime [3] . The sounding rocket observations at Kourou (5.2 o N, 52.6 o W) showed that the E-F valley might be affected by solar and geomagnetic activities [4] . In 1969 and 1972, Maeda studied sounding rocket experiments mainly in the mid-latitude region, and found that the E-F valley in the electron density profiles varied with the local time and solar activity [5, 6] . In the South Asian region, some sounding rocket experiments have been done over the Thumba station (8.5 o N, 77 o E) and SHAR (13 o N, 88 o E) in India [7−9] . In the East Asian region, some sounding rocket experiments have been done in Japan (in the middle latitude region), but no results from the low latitude region have been reported. In addition, incoherent scatter radar (ISR) can also provide remote information on the valley though it cannot carry out in situ measurement. Using the data from the ISR measurements at Arecibo (18.3 o N, 66.7 o W), Mahajan et al. studied the variation of the valley parameters with the local timeand solar zenith angle [10−12] . In addition, although it cannot be used to measure the depth and height of the valley, ionosonde measurement can be used to determine the location of the ionospheric E-F valley [13−16] . There have been many models of the ionospheric E-F valley. Some of them are theoretic models, for example, the Chebyshev polynomial model [17, 18] , and the Chapman-layer model [1] . Combined with theoretic studies, many empirical models are proposed, such as the Titheridge model for the daytime E-F valley [19, 20] , Mahajan models [11, 12] , Gulyaeva model [14] , International Reference Ionosphere model with E-F valley [21] , POLAN program [22] and SAO Explorer model [21−23] . Because all the models were based on observations carried out in different regions, each of them can only be used for regional E-F valley. In 2011, a sounding rocket was launched at Hainan station to measure the ionospheric electron density profile at sunrise, and an E-F valley was observed. It is the first ever observation of the E-F valley in the low latitude region of the East Asian sector. Since the ionosphere has strong regional * supported by National Natural Science Foundation of China (No. 41274146) and the Specialized Research Fund for State Key Laboratory in China characteristics, a model to study the physics on the E-F valley in the ionosphere over Hainan station needs to be developed.
The previous Chapman-layer model using E-and F1-layers has been proved to be a good theoretic model [24] , but it is inadequate for the E-F valleys during sunrise and sunset when the F1-layer does not naturally exist. In this paper, we develop a new overlapping threeChapman-layer model with E-and F-layers, as well as a so-called sub E-layer to interpret the sounding rocket observation of the E-F valley at sunrise. Our model results are well consistent with the sounding rocked observation.
Rocket data and valley parameters
The sounding rocket was launched at the Hainan ionospheric observation station (19.5 o N, 109.1 o E) in the morning (LT0615) on May 7, 2011. The solar activity was moderate (the solar active F10.7 index was 102, the X-ray flux level was B1.8 and there were no flares observed before the experiment), the geomagnetic activity was quiet (the K p index was less than 2 and D st > −15), and the solar zenith angle was 79.5 o at the takeoff time. The apogee of the rocket was 196.551 km. The ionospheric electron density data measured by the Langmuir probe onboard had a time resolution of 0.0037 s and a spatial resolution of 5 m. With these data, the ionospheric electron density profile above 80 km can be obtained. Fig. 1 shows the sounding rocket electron density profile during the rocket downleg (blue line) and the DPS-4 digisonde electron density profile (red line) simultaneously observed at Hainan station. To describe the valley characteristics, three parameters (width, depth and height as shown in Fig. 1 ) are usually used [11, 14, 19] . Fig.1 The sounding rocket electron density profile (blue line) and the simultaneous DPS-4 electron density profile (red line) at Hainan station on May 7, 2011 According to the sounding rocket profile in Fig. 1 , the peak electron density of the E-layer (N E ) is 7.539×10 10 m −3 , the height of the peak density (hm E ) is 101.7 km, the height which corresponds to the N E at the up edge of the valley (h T ) is 143.9 km, and the minimum electron density of the valley (N V ) is 3.996×10 10 m −3 . With these parameters, we can get that the valley width W = 42.2 km (W = h T − hm E ), the valley depth D = 47.0% (D = (N E − N V )/N E ) and the valley height h V = 123.5 km (the height of the valley bottom).
From Fig. 1 we can see that the DPS-4 profile (red solid line) of electron density in E-and F-layers was in good agreement with the sounding rocket profile out of the E-F valley. As we know, since the E-F valley is an electron density decrease region, the DPS-4 profile could not provide the valley depth and the height of the valley bottom. So, we use the red dashed line to skip the valley as researchers generally do.
Overlapping-chapman model
As mentioned above, there are two kinds of models proposed to interpret the valley in the ionospheric electron density profile, i.e., empirical models and theoretic models. Lobb and Titheridge proposed an overlapping Chapman-layer model for the E-F valley observed at Auckland (37
• S, 175
• E) [1] . In their model, the E-, F1-and F2-layers are selected as Chapman layers. Since the E-and F1-layers vary with the scale heights and the relative densities of O 2 and O, they should follow Chapman theory [24] . However, the observed valley at the Hainan station shows that there no F1-layer existed during the sounding rocket observation because it was in the morning, but the F-layer permanently exists. Therefore, we propose a new overlapping threeChapman-layer model in this paper, selecting the sub E-, E-, and F-layers as Chapman layers.
According to the Chapman theory, in the overlapping Chapman-layer model for the E-F valley, the plasma frequency f N can be written as
And electron density N e can be written as
where
The ith individual profile is specified by peak height h mi , critical frequency f ci , peak electron density N ci and scale height H i [1] . Here we regard the E-and F-layers as Chapman layers. As a new point, we also choose the structure at the height of about 90 km (named sub E-layer, denoted as "A" in Fig. 2 ) in the sounding rocket profile as a Chapman layer, which is very important for the theoretic model but cannot be detected by a DPS-4 digisonde because the electron density at that height or below is too low to be detected. Fig.2 The overlapping three-Chapman-layer model electron density profile (red line) and the sounding rocket observed electron density profile (blue line). Letter "A" denotes the sub E-layer
Key parameters in the model input are shown in Table 1, including the Chapman layers, peak height, peak density and scale height of the each layer. In Table 1 , the parameters of the E-and F-layers are obtained from the simultaneous measurement with a DPS-4 digisonde at the same site, the peak height and peak density of sub E-layer are obtained from the sounding rocket profile, and the scale height is assumed to be similar to that of E-layer because the scale height is determined by altitude. It should be noted that the sounding rocket and DPS-4 digisonde measurements have a little difference in the peak density of E-layer. The effect of the difference on the model results is too small and can be neglected.
Using the parameters in Table 1 and Eqs. (1) and (2), taking i=1, 2, 3 for sub E-, E-, and F layers, respectively, we can obtain the electron density profile with an E-F valley. This means that a new overlapping three-Chapman model is used in this study. Fig. 2 shows the electron density profile from our new overlapping three-Chapman-layer model (red line) and the sounding rocket observed electron density profile (blue line). From the model profile in Fig. 2 , we can get the valley width W = 43.0 km, valley depth D = 62.9% and valley height h V = 121.0 km, respectively. From Fig. 2 we can see that the valley width and height from our new overlapping three-Chapman-layer model are well consistent with the sounding rocket observation. Indeed, if we use only E-and F2-layers to calculate the E-F valley profile, the model results will greatly deviate from the sounding rocket observation.
Discussion
We have also studied the valley parameters with other available models, such as IRI 2007 [21] , POLAN program [22] , Gulyaeva [14] , Titheridge [19] , Mahajan [12] , and SAO Explorer [23] . The results are listed in Table 2 , in which we also show the results from our new overlapping three-Chapman-layer model and the sounding rocket observation for comparison.
From Table 2 we can see that the models of Gulyaeva and In Table 2 , there is significant disagreement in the valley width and depth between the sounding rocket observation and the other models except for our new model. There are two points helpful to understand the disagreement. One is that these models were based on observations in different regions, i.e., each of them can be used only for regional E-F valley. The other is that most of these models were based on the ionograms and there are unavoidable uncertainties in real height analysis with ionograms when an E-F valley appears.
Our new model is based on the Chapman theory and suitable for the sounding rocket observation at sunrise. During the sunrise, the valley location has a large solar zenith angle. Unlike the common type E-F valley at the daytime during which the valley shape and height are stable, during sunrise, the solar zenith angle is large and the photochemical processes in the ionosphere develop rapidly; thus different Chapman layers are also rapidly developing and an electron density valley is formed in the ionosphere between the Chapman layers. In the beginning (sunrise), the electron density in the valley in the ionosphere is extremely low, leading to a large valley width and depth. With the photochemical processes developing continuously, the electron density in the valley will be gradually increasing and the valley width and depth will become gradually smaller and smaller. Therefore, the ionospheric E-F valley in the daytime is generally small. 
Summary
A new overlapping three-Chapman-layer model is developed in this paper to interpret the sounding rocket measurement in the morning (sunrise) on May 7, 2011 at the Hainan low latitude ionospheric observation station (19.5 o N, 109.1 o E). From our model, the valley width, depth and height are 43.0 km, 62.9% and 121.0 km, respectively. These are well consistent with the parameters of the sounding rocket observed E-F valley (width W = 42.2 km, depth D = 47.0% and height h V = 123.5 km). The observed E-F valley is very wide and deep, and its physics mechanism is discussed. Rapid development of the photochemical process in the ionosphere should be the reason for the wide and deep valley observed at sunrise in the Hainan station. We should note that the ionospheric E-F valley observed with sounding rocket in Hainan is the unique in situ observation in the low latitude region of the East Asian section. So, the properties of the ionospheric E-F valley in this region need to be further observed and studied.
